Aberrant activation of the JAK3-STAT signaling pathway is a characteristic feature of many hematological malignancies. In particular, hyperactivity of this cascade has been observed in natural killer/T-cell lymphoma (NKTL) cases. Although the first-in-class JAK3 inhibitor tofacitinib blocks JAK3 activity in NKTL both in vitro and in vivo, its clinical utilization in cancer therapy has been limited by the pan-JAK inhibition activity. To improve the therapeutic efficacy of JAK3 inhibition in NKTL, we have developed a highly selective and durable JAK3 inhibitor PRN371 that potently inhibits JAK3 activity over the other JAK family members JAK1, JAK2, and TYK2. PRN371 effectively suppresses NKTL cell proliferation and induces apoptosis through abrogation of the JAK3-STAT signaling. Moreover, the activity of PRN371 has a more durable inhibition on JAK3 compared to tofacitinib in vitro, leading to significant tumor growth inhibition in a NKTL xenograft model harboring JAK3 activating mutation. These findings provide a novel therapeutic approach for the treatment of NKTL.
Introduction
Natural killer/T-cell lymphoma (NKTL) is a rare and aggressive non-Hodgkin lymphoma more prevalent in Asian and Native American populations [1, 2] . The disease affects predominantly in males and is associated with the Epstein-Barr virus infection [3, 4] . NKTL usually presents as extranodal disease in the upper aerodigestive tract and is characterized by a prominent necrosis and cytotoxic phenotype [4] . Despite the use of multi-agent chemotherapy and involved-field radiotherapy, the outcome of NKTL remains poor with 5-year overall survival of 40 and 10% for nasal and non-nasal NKTL, respectively [5] [6] [7] . In addition, many patients develop resistance to chemotherapy, especially those with late-stage disease [8] . To improve the clinical outcomes, the current strategy is to intensify treatment with combination chemotherapy, chemo-radiotherapy, and stem cell transplantation; however, at the expense of increased toxicity [9] [10] [11] [12] . With no targeted therapies available, the recent research efforts has focused on understanding the molecular mechanisms underlying NKTL pathogenesis to improve patient outcome and reduce the toxicities associated with the treatments. Janus kinase 3 (JAK3) belongs to a family of cytoplasmic non-receptor tyrosine kinases. JAK family members include JAK1, JAK2, JAK3, and TYK2, all of which play a role in different cytokine and growth factor receptormediated signaling pathways [13] . JAK3 intracellularly associates with the common gamma chain (also known as interleukin-2 receptor subunit gamma or (IL-2Rγ)) to initiate the signaling upon cytokine binding [14] . Although most JAK family members are ubiquitously expressed, JAK3 is mainly restricted to the hematopoietic lineage where it plays a vital role in lymphoid cell development and homeostasis [15] . Recent studies have indicated that constitutive activation of the JAK-STAT signaling is a characteristic feature of many hematological neoplasms. JAK3 activating mutations that result in persistent activation of the JAK-STAT signaling have been described in various leukemias and lymphomas, including NKTL, monomorphic epitheliotropic intestinal T-cell lymphoma, T-cell acute lymphoblastic leukemia, and hepatosplenic T-cell lymphoma [16] [17] [18] [19] [20] [21] [22] [23] . The aberrant activation of JAK3 in hematological malignancies suggests JAK3 as a potential target for cancer therapy. However, targeting JAK3 selectively with small-molecule inhibitors has been challenging due to the highly conserved amino acid composition of the ATP binding pocket among the JAK family members [24] .
The cysteine residue at position 909 of JAK3 (Cys909) is one of the three amino acids uniquely present in the ATP binding pocket of JAK3, providing an opportunity to achieve high JAK3 selectivity against JAK1, JAK2, and TYK2. By employing chemistry that allows covalent [24] [25] [26] , we produced a highly selective JAK3 inhibitor PRN371. In this study, we evaluated the therapeutic effect of PRN371 in NKTL cells in vitro and in vivo to investigate the potential of JAK3-targeted therapy in NKTL.
Results

PRN371 is a highly selective JAK3 inhibitor
PRN371 is an acrylamide-based inhibitor that targets the JAK3 non-catalytic Cys909 residue (Fig. 1a) . To assess its overall kinase selectivity, we evaluated PRN371 against a panel of 251 kinases at a concentration of 0.1 μM. Only four kinases, including JAK3, ARK5, CLK4, and JAK2, were inhibited by greater than 90% (Fig. 1b and Supplementary Table 1) , and importantly the most potent results were observed for JAK3 (>98% inhibition). To further evaluate the selectivity of PRN371 specifically against the JAK kinases, we carried out cell-free enzymatic assays with each family member. PRN371 demonstrated a clear JAK3 selectivity over other JAK kinases (Fig. 1c) . The compound was 282-fold, 378-fold, and 1194-fold more potent in repressing JAK3 activity compared to TYK2, JAK2, and JAK1, respectively. In contrast, tofacitinib, a pan-JAK inhibitor, blocked the activities of JAK1-3 at similar concentrations. Furthermore, using cell-based assays, we demonstrated that PRN371 inhibited IL-2-stimulated JAK1/3-STAT5 phosphorylation in human peripheral blood mononuclear cells (PBMCs) (IC50 = 99 nM) and IL-4-stimulated JAK1/3-STAT6 phosphorylation in Ramos B-cells (IC50 = 26 nM; Fig. 1d ). However, IL-6-stimulated JAK2-STAT3 activity in PBMCs was not inhibited up to 3 μM concentration, indicating the specificity of PRN371 in inhibiting JAK3 signaling. Similarly to the in vitro kinase assay, tofacitinib suppressed JAK-STAT phosphorylation equally in all conditions tested. These findings indicate that PRN371 has a strong cellular selectivity against JAK3 over other members of the JAK family and suggest that this drug may be used in JAK3-targeted therapy.
PRN371 effectively inhibits the growth of JAK3-driven cancer cells
To investigate whether PRN371's in vitro selectivity translates into differential efficacy in a cellular context, we evaluated its ability to inhibit cell growth in two cell lines that harbor JAK3-activating mutations, NK-S1 and CMK [16, 17, 27] . PRN371 dose dependently suppressed the growth of both cell lines, whereas no effect was detected in K562 and HEL92, which are driven by BCR-ABL gene fusion and JAK2-activating mutation, respectively (Fig. 2a,  b) . Similar effects were observed with tofacitinib (Fig. S1A , 1B). Importantly, blocking of constitutively activated JAK3 by PRN371 in NK-S1 and CMK cells led to the downregulation of its downstream effector proteins, phosphorylated STAT3 and STAT5 (Fig. 2c ). This effect was not observed in K562 and HEL92 cells, further supporting their resistance to PRN371 treatment (Fig. 2d) . To investigate whether the growth inhibition by PRN371 is specifically through STAT3/5 activity, we ectopically expressed STAT3 wild-type or mutant (D661Y) in NK-S1 and treated these cells with PRN371. Compared to cells with empty vector or wild-type STAT3, constitutive activation of mutant STAT3 rescued the inhibition of STAT3/5 phosphorylation, leading to resistance of NK-S1 to PRN371 treatment (Fig. S1C,  1D ). Taken together, these results demonstrate that PRN371 effectively suppresses the viability of JAK3-driven cancer cells, mainly by targeting the JAK3-STAT3/5 signaling pathway.
PRN371 effectively inhibits the growth of NKTL cells via suppressing the JAK3-STAT pathway
Frequent somatic mutations and/or hyperactivity of JAK3 have been demonstrated in NKTL and the suppression of JAK3 by pan-JAK inhibitor tofacitinib was shown to reduce cell viability by inducing apoptosis [17, 18] . To establish the potential of PRN371 use in NKTL, we first profiled the endogenous activity of JAK3-STAT pathway in a panel of nine NKTL cell lines. The majority of cell lines displayed hyper-activation of the signaling cascade as demonstrated by high expression of phospho-JAK3 and its downstream effector proteins phospho-STAT3/5 ( Fig. 3a) . Importantly, no hyper-activation was observed in normal NK cells, presenting an opportunity to specifically target the malignant cells. To determine the efficacy of PRN371 in NKTL, we treated all nine cell lines with various concentrations to establish the IC50 (Fig. 3b) . The potency of PRN371 was in the nanomolar range (IC50 values) in all NKTL cells. The observed efficacies were similar to those of tofacitinibtreated cells, indicating that both drugs induced a strong growth inhibition on the NKTL cells (Fig. 3b) . Interestingly, NKTL cell lines harboring STAT3-activating mutations (Supplementary Table 2 ) such as NYKS, SNK6, SNT8, and HANK1 (labeled with asterisk) [28, 29] are generally less sensitive to PRN371 treatment, suggesting a potential resistant mechanism that is consistent with the rescued experiments with STAT3-activating mutations (Fig. S1C, 1D ). In addition, PRN371, similarly to tofacitinib, also dose-dependently suppressed the downstream signaling in the JAK3 wild-type cells, KAI-3 and NK92, which are dependent on IL-2 signaling (Fig. 3c, d ). Surprisingly, PRN371 treatment resulted in upregulation of JAK3 phosphorylation in both NKTL cells, suggesting PRN371 can lead to an increase in JAK3 activation loop phosphorylation, despite inhibition of JAK3 downstream effectors. Taken together, these results suggest that PRN371 inhibits cell proliferation and suppresses JAK3-STAT3/ 5 signaling in NKTL cells with hyperactivated JAK3-STAT-mediated signaling cascade. 
PRN371 inhibits NKTL cell growth by inducing apoptosis and blocking colony formation ability
We next performed various cellular assays to understand the mechanism of PRN371-induced growth inhibition in NKTL cells. Treatment of JAK3-driven NK-S1 cell line with PRN371 resulted in potent G1 cell cycle arrest and cell death (Fig. 4a, upper panel) . Annexin V staining revealed that, similarly to tofacitinib, PRN371-induced cell death was due to increased apoptosis (Fig. 4a, lower panel) . In addition, both PRN371 and tofacitinib also induced cell death in JAK3 wild-type NKTL cells but not in JAK3-independent non-NKTL cells (Fig. 4b) , further support that both drugs act via activated JAK3-STAT signaling. Moreover, both PRN371 and tofacitinib also reduced the colony formation ability of both JAK3 mutant and JAK3 wild-type (Fig. 4c) . Although PRN371 is less effective in NKTL cells harboring STAT3-activating mutations (Fig. 3b) , our findings demonstrated that it might still have partial effect, most probably via downstream STAT5 (Fig. S1C ).
PRN371 exerts durable inhibition of JAK3 activity
We next proceeded to determine the durability of JAK3 inhibition by PRN371 in comparison to tofacitinib using a wash-out experiment. Pre-treatment of JAK3-driven NK-S1 cells with 1.0 μM PRN371 for 2 h was sufficient to completely inhibit STAT3/5 phosphorylation up to 4 h after washout of the drug (Fig. 5a) . Although PRN371 and tofacitinib demonstrated comparable efficacy, NK-S1 cells treated similarly with tofacitinib showed recovery of phosphorylated STAT3/5 activity within half an hour post inhibitor washout, an effect expected for a non-covalent inhibitor. Similar results were also observed in JAK3 wildtype NKTL cells, indicating that the effect is independent of JAK3 mutation status (Fig. 5b) . Together, these findings demonstrate that despite similar anti-tumorigenic activity in NKTL cells, PRN371 has a longer-lasting effect on JAK3 inhibition due to the covalent nature of the target engagement.
PRN371 is effective in an in vivo NKTL model
Due to the short half-life of tofacitinib, the reported in vivo effects have been derived from continuous administration of the drug via a subcutaneous mini-osmotic pump [18, 30] . To assess the clinical potential of PRN371, we determined its exposure following oral administration and intraperitoneal (i.p.) injection (50 mg/kg). PRN371 was quickly absorbed, reaching peak plasma concentration of 1000 ng/ ml and 1 × 10 4 ng/ml for oral and i.p. route, respectively, at 30 min (Fig. S2A) . The circulating levels of PRN371 was 10-fold higher when administered intraperitoneally compared to oral route, and was maintained at higher exposure levels for the 24 h. Thus, the i.p. route is preferred for administration of the drug. To access the potential toxicity with PRN371, the inhibitor was administered intraperitoneally into mice for 14 consecutive days. The liver function tests were performed to evaluate the liver enzymes, such as alanine aminotransferase and aspartate aminotransferase, in both mice groups treated with vehicle and PRN371. PRN371 did not induce hepatic toxicity after a prolong exposure (Fig. S2B ). In addition, full blood count test indicated that there were no significant changes in white blood cell and hemoglobin between mice treated with vehicle and PRN371 (Fig. S2C) . To determine the ability of PRN371 to penetrate the tumor and exert its anti-JAK3 inhibition in vivo, we assessed the pharmacodynamics of PRN371 in NK-S1 subcutaneous xenograft model. Mice bearing an average tumor size of 300 mm 3 were injected intraperitoneally with 50 mg/kg PRN371 and tumor biopsies were collected 2, 8, and 24 h post treatment. Consistent with the in vitro results, PRN371-treated tumors showed suppression of phosphor-STAT5 occurred within 2 h after treatment and persisted up to 24 h, while downregulation of phospho-STAT3 became evident 8 h post treatment (Fig. 5c) , confirming the ability of PRN371 to block the JAK3-STAT3/5 signaling in vivo and the effect persisted more than 24 h.
Lastly, we evaluated the anti-tumorigenic potential of PRN371 in NK-S1 subcutaneous xenograft model. The inhibitor was administered intraperitoneally into tumorbearing mice (average tumor volume 200-300 mm 3 ) for 14 consecutive days. Treatment with both 25 and 50 mg/kg PRN371 decreased the tumor volume as early as on the 6th day and significant difference in tumor size was observed after 8 days of treatment (p < 0.05, Student's t-test, Fig. 5d ). Importantly, there was no significant reduction in body weight, change in liver and kidney functions, and total blood counts, indicating tolerable side effects (Fig. S2B-D) . Collectively, these data suggest that inhibition of JAK3 by PRN371 is an effective strategy for the treatment of NKTL.
Discussion
NKTL is an aggressive T-cell malignancy with an unmet medical need. The discovery of frequent somatic mutations in genes associated with the JAK-STAT pathway has raised the possibility for a targeted approach to improve clinical outcome and engender hopes for a targeted therapy that will emulate the success of radiation in early, localized NKTL treatment. Our sequencing effort in this lymphoma has led to the discovery of frequent JAK3 activating mutation, thus the development of JAK3-specific inhibitor.
In this study, we demonstrated for the first time the preclinical evaluation of a novel chemical entity, PRN371, a small molecule designed as a potent and selective JAK3 inhibitor, which specifically binds to cysteine 909 pocket binding site of JAK3 kinase. Both in vitro and in vivo data showed that PRN371 is highly selectivity for JAK3 over other members of the JAK family and has high efficacy for anti-tumor activity. Compared with tofacitinib, a pan-JAK inhibitor, PRN371 showed high selectivity for JAK3 inhibition, suggesting that PRN371 may have a more favorable anti-tumor activity and fewer side effects in targeted therapy than those experienced clinically with tofacitinib. Furthermore, its covalent and irreversible engagement of target cysteine enabled a more durable drug response than noncovalent inhibitors such as tofacitinib. We noted that PRN371 induces the activation of an auto-feedback loop and increases the phosphorylation of JAK3. Similar findings are observed in most of type I JAK inhibitors, suggesting that PRN371 may function as a type I JAK inhibitor. This type I binding mode can result in an increase in JAK activation loop phosphorylation [31] [32] [33] . Importantly, the autofeedback loop effect did not affect the efficacy of PRN371 as demonstrated by its ability to downregulate phosphorylation of STAT3 and STAT5 protein.
Despite controversy in JAK3 mutation frequencies being reported among different NKTL cohorts [17, 18, 28, 29] , the signaling cascade as a whole is still hyper activated. There is considerable cross-talk between various signaling pathways in this disease and further complicated by somatic mutations in other genes associated with the JAK-STAT pathway, such as STAT3 and JAK1 [28, 29] . We demonstrated that PRN371 is effective in the majority of NKTL cells including most STAT3 mutants suggesting that PRN371 might not be just acting on the JAK3-STAT3/5 pathway, but other pathways downstream of JAK3 such as the EZH2 pathway, which recently been demonstrated in NKTL [34] . SNK6 showed resistance to PRN371 treatment most probably because it harbors D661Y activating mutation in the STAT3 gene, suggesting that patient selection is necessary in future clinical trial. This may be an important area for future investigation to shed light on the mechanisms of SH2 binding sites involved with STAT3 activation as conformational structure and plasticity of STAT3 have been known to play important roles in downstream events [35, 36] . Complete inhibition of tumor growth was not achieved in this study, which may be attributed to PRN371 under-dosing which occurred from day 10 onward due to volume loss from repeated i.p. administrations in the study animals. Since several signaling pathways are known to be altered in this cancer, we suspect that single agent therapy might not be able to achieve complete remission and a combination therapy approach targeting several pathways or in combination with radiotherapy might be more appropriate for treating advance malignancy.
Taken together, PRN371 is a potent inhibitor of JAK3 that exhibits anti-cancer properties against NKTL both in vitro and in vivo. The identification of NKTL cell lines harboring STAT3-activating mutations correlating to PRN371 resistance highlighted the importance of genetic screening, suggesting a selected subset of patients with appropriate molecular stratification may use PRN371 as an alternative treatment to current chemotherapy. Translation of these findings into early clinical trials should shed light on the potential clinical impact and validity of such a strategy.
Materials and methods
Cell lines and reagents
NK-S1 was generated in-house [27] . KAI-3, KHYG1, and CMK cell lines were purchased from JCRB Cell Bank, and NK92, K562, HEL92, and Ramos from ATCC. SNK1, SNK6, SNT8, and NKYS were generously provided by Dr. Norio Shimizu and HANK1 by Dr. Yoshitoyo Kagami. NK-S1 and K562 were cultured in DMEM medium (Life Technologies) supplemented with 10% FBS (Hyclone) and 10% equine serum (Life Technologies). HANK1 and SNT8 were maintained in Artemis medium-2 (ScyMed Inc.) supplemented with 2% human plasma serum (Clontech) and 100 IU/ml or 700 IU/ml IL-2 (Miltenyi Biotec), respectively. All remaining cell lines were cultured in RPMI1640 medium (Life Technologies) supplemented with 10% FBS. 100 IU/ml IL-2 was included into KAI-3, KHYG1, and NKSY growth media, and 10% equine serum and 100 IU/ ml IL-2 into NK92, SNK1, and SNK6 growth media. All cultures were routinely checked for mycoplasma contamination. NK-cells from health donor are separated with NK cell isolation kit (Miltenyi Biotec). PBMCs are isolated by the Ficoll-Paque method from human whole blood. Tofacitinib (CP-690550) was purchased from Selleck Chemicals.
In vitro kinase assay
LabChip 3000 Drug Discovery System (Caliper Life Sciences) was utilized for the kinase assay to separate the phosphorylated peptides from the unphosphorylated ones. The reaction mixture for each kinase assay consisted of enzyme, substrate, and cofactors, specifically: 100 mM Hepes pH 7.5, 0.1% BSA, 0.01% Triton X-100, 1 mM DTT, 10 mM MgCl 2 , 10 μM sodium orthovanadate, 10 μM beta-glycerophosphate, a specific concentration of ATP optimized for each kinase, 1% DMSO (from test compound), 1 μM peptide substrate, the enzyme, and either 1 μM or 0.1 μM of test compound. The reaction was allowed to proceed for several hours at 25°C and was terminated by addition of 20 mM EDTA. The reaction mix was run through capillary electrophoresis, excited by the blue laser (480 nM) and fluorescence intensity was measured both for the substrate and product peaks in each well of the microtiter plate. The kinase activity was evaluated as the product to sum ratio (PSR) given by P/(S + P), where P is the product height and S is the substrate height. Negative control (0% inhibition; no inhibitor) and positive control (100% inhibition; activity in 20 mM EDTA) were determined in replicates of four. The percent inhibition for each compound concentration was calculated using the following equation: Pinh = (PSR0%−PSRinh)/(PSR0%−PSR100%), where PSRinh is the PSR with inhibitor, PSR0% is the PSR with no inhibitor, and PSR100% is the PSR for fully inhibited samples. Experiments were conducted in duplicate at each compound concentration.
Cell viability assays
For each assay, 2000 cells were seeded on a 96-well plate and treated with indicated concentrations (10 nM to 10 μM) of PRN371 or tofacitinib for 96 h. Cell viability was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega) following manufacturer's instructions. All experiments were performed in triplicate. IC50 values were calculated.
Cell cycle and apoptosis assays
For both assays, 2 × 10 5 cells were seeded on a 6-well plate and treated with 1.0 μM PRN371 or tofacitinib for 72 h. For the cell cycle analysis, the cells were fixed with 70% ethanol and stained with 50 μg/ml propidium iodide (Sigma-Aldrich). For the apoptosis assay, the cells were washed with 1× PBS and stained with Annexin V-FITC (BD Bioscience). The stained cells were analyzed by FACScalibur (BD Bioscience) and quantified using CellQuest software (BD Bioscience).
Colony formation assay
A total of 1 × 10 4 cells were suspended in DMEM containing 0.2% methylcellulose (Sigma-Aldrich) and 10% FBS, and layered on top of DMEM containing 0.6% agar, 10% FBS, and 1.0 μM PRN371 or tofacitinib on a 6-well plate. After 4 weeks, the colonies were stained with iodonitrotetrazolium chloride (Sigma-Aldrich) overnight. The experiment was performed in triplicates and images were acquired from randomly selected areas using Nikon Eclipse microscope image system.
Western blot analysis
A total of 2 × 10 5 cells were seeded on a 6-well plate, treated with 1.0 μM PRN371 or tofacitinib for 2 h and harvested for protein extraction. Cell lysis, protein separation, transfer, and visualization were performed as previously described [21] . Protein concentration was measured by Quick Start TM Bradford Protein Assay (Bio-Rad) and 15 μg were loaded on each polyacrylamide gel. The used antibodies are listed in Supplementary Table 3 .
Wash-out assay 2.5 × 10 6 NK-S1 and KAI-3 cells were seeded on a 6-well plate and treated with 1.0 μM PRN371 or tofacitinib for 2 h. Cells were washed twice with 1× PBS and resuspended in complete growth media without the inhibitor. The cells were harvested at the time of washout or 0.5, 1, 2, or 4 h after the washout.
In vivo studies
For pharmacokinetic analysis, female NOD/SCID mice were administered 40 mg/kg PRN371 formulated in 6% Capmul/14% Cremophore EL using three mice per time point. Blood plasma exposure from each animal was analyzed by LC/MS/MS analysis methods using a Shimadzu LC20AD HLPC system connected to a Sciex API4000 QTrap mass spectrometer. Sciex Analyst software (version 1.6) was used for LC/MS/MS instrument control and acquisition. For efficacy studies, 5-7-week-old female NOD/SCID mice (InVivos) were kept under standard laboratory conditions according to the National Advisory Committee for Laboratory Animal Research guidelines. All experiments were approved by the SingHealth Institutional Animal Care and Use Committee. 5 × 10 6 NK-S1 cells were suspended in 0.1 ml of 1× PBS and injected subcutaneously into the left flank of each animal. For the pharmacodynamic experiment, 24 tumor-bearing mice (average tumor volume 300 mm 3 ) were divided into four groups. One group was treated with 1× PBS and the remaining three groups with 50 mg/kg of PRN371. Mice were sacrificed and tumor biopsies collected 2, 8, and 24 h post treatment. For the anti-tumorigenicity experiment, tumor-bearing mice (average tumor volume 200 mm 3 ) were used. PRN371 (25 or 50 mg/kg) was administered by intraperitoneal injection for 14 consecutive days. 1× PBS was used as the vehicle control. Tumor volume was monitored 2-3 times per week and body weight was measured daily. Tumor volume (V) was calculated as V = width 2 × length × 0.537. Randomization was performed by equally dividing tumor-bearing mice of similar tumor burden into different groups for drug treatment. No statistical method was used to predetermine sample size and no experimental samples were excluded in this study.
Statistical analysis
All statistical analyses were performed with GraphPad Prism version 6.0 and statistical difference for tumor weight was calculated by two-sided Student's t-test. Statistical significance was considered as p < 0.05. For animal experiments, no blinding was done for treatment and analyses.
